sub-vertical permeable fault zone identified by lineament mapping. We particularly focused our 23 investigations on the hydrogeological interactions with neighboring reservoirs. 24
The geometry of the permeable domains was identified from geological information and hydraulic 25 test interpretations. The system was characterized under natural conditions and during a 9-week 26 large-scale pumping test. We used a combination of piezometric analysis, flow logs, groundwater 27 dating and tracer tests to describe the interactions between permeable domains and the general 28 to an average of about 40-50 meters. The main fault zone was identified in each borehole as a highly 146 fractured and productive zone, ranging from a few meters thick (see core sampling in (Figure 2c ) to 147 15 m in the outcropping part of the borehole (( Table 1 and (Table 2 ). The fault typically dips by 70° to 148 the NNW (( Figure 2c ). Wells were completed with a slotted casing in the deep productive zones. 149 The interactions between the fault zone and the other hydrologic domains were described and 154 quantified by investigating the site under natural conditions and during a large-scale pumping test. A 155 packer was placed 80m below the ground surface in borehole F3 to ensure that pumping was carried 156 out deep within the fault zone. As a result, water abstraction occurred principally from the fault zone 157 at 110 meters below ground surface (( Table 1 Schlumberger© pressure transmitters). The altitude of the well was determined by differential GPS. 165
The estimated uncertainty for the absolute water level measurements was about a centimeter. The 166 mean hydraulic parameters of the system under pumping conditions were determined from classic 167 analytical models. In addition, a logarithmic derivative method of drawdown measurement was used 168 to analyze flow regimes (Bourdet and Ayoub, 1989; Renard et al., 2008; Spane and Wurstner, 1993) . 169
This method also permitted identification of flow behaviors and an estimation of the system's 170 transmissivity based on Cooper and Jacob's approximation (Renard et al., 2008) . Waters were sampled in stainless-steel ampoules after discarding at least three ampoule volumes, 208 and ensuring that there was no contact of the water with atmospheric gases. 209
Groundwater CFCs concentrations were measured by the Geosciences Rennes Laboratory (Labasque, 210 2006 ratios were then compared with the atmospheric evolution curve (Walker et al., 2000) to determine 216 the apparent recharge year, and thus the apparent age of the groundwater. Analytical uncertainty 217 for the CFC concentrations was estimated (Labasque, 2006) seasonal evolution of hydraulic head is similar in all the aquifer system with a fast response to 227 rainfall during the recharge periods and a classic discharge regime observed during summer. 228
The hydraulic head gradient mostly follows the topography and indicates groundwater flow towards 229 the outcropping of the fault zone and discharge into the river (FC4-F3-MFT80 in (Figure 2b&c ). 230
Measurements of the hydraulic gradient with depth revealed a higher hydraulic head in the deeper 231 boreholes (( Figure 3 ). This suggests a definite vertical compartmentalization of the aquifer system. 232
The three boreholes intersecting the permeable fault zone show similar hydraulic responses, with a 233 potential upward flow, according to the hydraulic gradient analysis. The MFT20 well, located at the 234 11 edge of the weathered and the fractured bed rock, remains under the influence of the fault zone. 235
The sub-surface aquifer situated within the upper weathered part (T i boreholes), appears to be much 236 less influenced by the deep structure. 237
The fault domain responds quickly to rainfall even though it is locally covered by the sub-surface 238 reservoir with lower hydraulic head. This suggests that the bed rock domain can respond rapidly to 239 recharge. The recharge area is certainly along strike and up topographic gradient through favorable 240 deep fractured zones. 241 contributing fractures can be detected, either because of the limit of detection of the tool, or simply 247 because of the lack of any hydraulic head gradient between the head in the fractures and the head in 248 the borehole. In pumping conditions, and for a much lower hydraulic head in the borehole, few 249 others fracture may be detected between 160 and 215 meters deep. In any case, the flow rate 250 profiles obtained under pumping conditions confirms that the deep conductive fault zone provides 251 about 50 to 75% of the total productivity of each borehole (( Table 2) . For all profiles, the fracture 252 transmissivity was determined by using the model developed by Paillet (1998) . The transmissivity of 253 the deep productive sections in each well appeared to be relatively high, ranging between 6 and 9 x 254 10 -4 m²/s (( Table 2) . 255 (Table 2 ) 256
Groundwater dating by CFCs analyses also highlighted the influence of an old deep water origin, with 257 tracer concentrations close to the detection limit in all deep boreholes ( (Table 3) , including the 20m 258 depth well. The apparent water age is older than 55 years. Conversely, CFCs analyses in the first 10 m 259 of the weathered domain revealed recent waters and contamination with nitrate. Globally, the 260 apparent age determined in the upper weathered reservoir and based on a piston flow model, is 20 261 years. Moreover, the water age in this upper part of the aquifer system decrease uphill. This suggests 262 that the subsurface aquifer is partially influenced by deep groundwater discharge (more or less 25% 263 of old deep water). 264 (Table 3 ) 265
To summarize, three main hydraulic domains were highlighted at the Saint-Brice site: (1) the fault 266 zone which has a higher transmissivity, (2) the surrounding domain affected by secondary fractures 267 less transmissive and (3) the upper weathered part of the aquifer system, restricted to the first 10 268 meters. Under ambient conditions, the hydrogeological system is clearly driven by the discharge 269 from a deep groundwater system towards the upper part of the aquifer system and the local stream. 270 (Figure 7 a 1 ) , implying that the hydraulic head in the deeper part of the fault zone was 314 higher than in the upper part of the aquifer domain. During pumping, downward flows were 315 measured, indicating a greater decrease of the hydraulic head in the fault zone. Downward flow 316 could be even 3 times greater than the previous upward flow, which implied a clear inversion of flow 317 between the hydraulic permeable domains ( (Figure 7 b 1 ) . Nevertheless, the downward borehole 318 flows slowed down after a few days, in conjunction with the decrease in head gradient between the 319 two compartments ( (Figure 7 c 1 ) . 
328
The hydraulic parameters of the aquifer system were evaluated by fitting the drawdown data with 329 classic analytical models. Different solutions were applied to interpret the dataset at different times 330 ( (Figure 8) . in view to characterize the two main flow behaviors involved during the test, previously 331 characterized by the derivative interpretation: 1) the fault storage response, supported by leaky flow 332 from the weathered part of the aquifer system (<10 days of pumping) and 2) the global double 333 porosity response of the aquifer system during long term pumping. 334
For the first 10 days of pumping, the double porosity analytical solution according to Moench (Table 4 . These parameters confirm that, during the first days of pumping, flow 341 is controlled by a relatively high transmissive ( fault zone embedded in lower 342 permeability blocks ( . A strong fracture skin value (set to 1) was required to 343 model the first times of both drawdown and derivative, which suggest a strong delay contribution 344 between surrounding blocks to the fractured zone (Moench, 1984) . 345 (Table 4 ) 346
We also used the "Two Aquifer-System" model developed by Hunt and Scott (2007) to characterize 347 drainage flows from weathered reservoir to the fractured domain. This model assumes a screened 348 well in an aquifer overlain by an aquitard and an unconfined aquifer which may represent here the 349 upper weathered reservoir. A mean transmissivity of for the deeper aquifer 350 domain, and transmissivity and porosity estimates of and 2% respectively, for the 351 superficial aquifer was required to fit both drawdowns and derivatives (plot in (Figure 8a , results in 352 (Table 4) . 353
For modeling the hydraulic behavior of the hydrological system at global scale after the first 8 hours 354 of pumping, Moench's model (Moench, 1984) proved to be the simplest and most efficient model to 355 reproduce the data ( (Figure 8b) . The estimated transmissivity of the fractured system is 356 , embedded within a reservoir (matrix) with a lower permeability of 357 and a relatively high specific storage of . A high value of fracture skin is still necessary 358 to reproduce the transitory flow regime observed during transitory pumping times (Figure 6 ). The 359 transmissivity deduced for long times pumping tends to the transmissivity of the global permeable 360 system (Butler and Liu, 1991) . 361
Note that the estimation of storativity in adjacent blocks based on Moench's model is relatively large. 362
However, storativity is in general difficult to estimate in heterogeneous crystalline rocks (Burbey, 363 2003; Le Borgne et al., 2006a; Meier et al., 1998; Neuman, 1979) . This higher value may also reflect 364 the fact that only two main compartments (fracture and matrix) were used in the model, whereas 365 several capacitive domains, including a superficial one in the weathered rocks, may actually be 366 involved in the response to pumping. 367 during the first ten days of pumping. The geochemical response after a longer period was dependent 374 both on shallower and "matrix" contributions and modified by reactivity processes. Description of 375 geochemical evolution will require a much more detailed analysis and will be published in another 376 article (Roques et al., "In Preparation"). Our main focus here is to highlight changes in the apparent 377 age of groundwater, using conservative anthropogenic tracers such as CFCs to highlight the mixing 378 processes. 379
The evolution of groundwater apparent age was deduced from the CFC-12 and CFC-113 380 concentrations in samples taken at the pumping wellhead ( 381 (Figure 9 ). An asymptotic increase in CFCs concentrations was observed, implying a decrease in 382 apparent age, given the assumption of a piston flow model. Under ambient conditions, the CFCs 383 concentrations in the F3 well were negligible, close to the measurement uncertainty, and 384 characteristic of an apparent age exceeding 55 years. After 60 days of pumping, the mean apparent 385 age of water sampled at the outflow was about 40 years. This clearly confirms the influence of the 386 recent water solicited during pumping. Since old water was found in most of the boreholes, this 387 recent water must come from the upper weathered aquifer (<10m). The result also confirms the 388 relatively fast transfer time between compartments. 389 ( Figure 9 ) 390
The contribution of the weathered aquifer may easily be estimated by considering a simple binary 391 mixing assumption. We first assumed that mixing occurred between i) water of high apparent age 392
i.e., 55 years (CFC12 concentrations of 0 to 50 pptv) the representative signature of deep fault water, 393
and ii) water from the upper weathered compartment with a mean apparent age of 20 years (CFC12 394 concentrations of 550 pptv measured in the superficial boreholes before pumping). Based on these 395 assumptions, the estimated contribution of the upper weathered aquifer was around 15-20% at the 396 end of pumping (last 30 days, CFC concentration = 105 pptv). 397
These observations clearly demonstrate that the superficial compartment contributes to the global 398 mixing process when the deep fault zone aquifer is pumped. It is difficult to clearly define the 399 contribution of each compartment without a detailed analysis of the mixing process (Roques et al., in 400 preparation), which is beyond the scope of the present work. However, both the geochemistry 401 evolution and groundwater dating suggest that after one month of pumping about 20% of the 402 pumped water comes from the upper part of the aquifer system. achieved by setting the injected mass to the restitution rate (around 85% for MFT80 and 45% for 423 FC4). It was not possible to use the same set of parameters to fit the two breakthrough curves 424 (( Figure 10) . Firstly, dispersivity was apparently two times higher during the deeper tracer test (FC4) . 425
This increase in dispersivity can be explained by a scaling effect that is classically observed in large 426 scale tracer tests (Gelhar, 1992) and due to the integration of heterogeneities along pathways. 427 Secondly, fitting both curves would require either constant flow rates or constant parameters for the 428 fault zone (thickness and porosity). Assuming an average fault thickness of 6 meters and a constant 429 19 porosity of around 1 to 2% we were able to obtain a relatively good match for both breackthrough 430 curves ( (Figure 10) . Porosity values obtained in this case appears relatively high for crystalline rocks, 431 but still reasonable, considering FC4 cores samples (Figure 2) , which show that the productive zones 432 are highly fractured and open. The difference in restitution time between the two tracer tests could 433 be honored in this case only by using different effective flowrates for the two tracer tests. This 434 interpretation would imply that the flow-rate from the upper of the aquifer system represented 435 about 2/3 of the total pumping rate while the flow rate from the deeper part was limited to the 436 other 1/3. 437
Note that the difference in restitution time could be similarly modeled by assuming a permeability 438 decrease with depth or a porosity increase with depth. However, an increase of porosity with depth 439 would be difficult to explain, and permeability, as deduced from previous single borehole tests, 440 appears to remain relatively constant with fault deepening (( Table 2 ). Such differences may be also 441 (Paillet, 1998) . 44 We propose hydrogeological conceptual model of fault aquifer in crystalline basement. 1
We characterize interactions between a fault aquifer and surrounding compartments. 2 Sub-vertical fault resource is strongly dependent on superficial aquifer storage. 3
We estimate groundwater resource availability. 4
